Background: While metabolic health is acknowledged to affect connective tissue structure and function, the mechanisms are unclear. Glucocorticoids are present in almost every cell type throughout the body and control key physiological processes such as energy homeostasis, stress response, inflammatory and immune processes, and cardiovascular function. Glucocorticoid excess manifests as visceral adiposity, dyslipidemia, insulin resistance, and type 2 diabetes. As these metabolic states are also associated with tendinopathy and tendon rupture, it may be that glucocorticoids excess is the link between metabolic health and tendinopathy. Objective: To synthesise current knowledge linking glucocorticoid exposure to tendon structure and function. Methods: Narrative literature review.
Introduction
The mechanisms linking obesity and poor metabolic health to increased tendinopathy risk remain unclear (1) . Among athletes, mechanical load associated with high training volumes and hard training surface can trigger tendinopathy (2) . Similarly, rapid increases in training volume or intensity can exceed tendon capacity (3) . However, tendinopathy in sedentary individuals accounts for almost one-third of cases (4) . Tendinopathy and the hypothalamic-pituitary-adrenal (HPA) axis. The suprachiasmatic nucleus of the hypothalamus releases corticotrophin-releasing hormone (CRH) into the hypothalamic-pituitary portal circulation in response to internal and external signals (14) . This triggers the anterior lobe of the pituitary gland to release adrenocorticotrophic hormone (ACTH) into the circulation (14) . At the adrenal gland, ACTH stimulates production and release of glucocorticoid into the circulation (15) . In each 24-h period there are 7-13 glucocorticoid pulses, collectively these are referred to as the ultradian rhythm (16) . The amplitude of these pulses varies throughout the day to create a 24-h diurnal rhythm that is superimposed upon the shorter ultradian rhythm (16) . This continuous dynamic equilibrium is maintained by delayed feedback and feedforward mechanisms within the HPA (16) . Interestingly, there is an additional level of control whereby the suprachiasmatic nucleus of the hypothalamus acts via the sympathetic nervous system to set the sensitivity of the adrenal cortex to the incoming hormonal signal (17) .
Glucocorticoid hormones regulate an array of physiologic processes including energy homeostasis, inflammatory and immune responses, cardiovascular function, reproduction, and cognition (13, 15) . While glucocorticoid function has been extensively studied in the context of the stress response, it is important to remember that the HPA axis is only one of many stressresponsive systems within the body (15, 18) . A stressor is a real or perceived threat to homeostasis or well-being. This definition, therefore, includes both physiological and psychological stressors. Acute activation of the HPA axis generates a glucocorticoid spike, which mobilises energy reserves (18) by increasing gluconeogenesis in the liver and inhibiting insulin production in the pancreas (19) . With increased energy reserves available, the individual is able to enact an appropriate response to the stressor (18) .
Chronic stress disrupts the pulsatile pattern of glucocorticoid release and results in a number of maladaptive responses. This includes obesity, altered fat distribution, insulin resistance, type 2 diabetes, and increased rates of cardiovascular disease (20) . Therefore, chronic glucocorticoid exposure causes many of the same metabolic states that have been associated with tendinopathy (Table 1 ). There is also a close connection between glucocorticoid excess and over-activity of the sympathetic nervous system (21) , which has also been linked to tendinopathy (10, 11) . This review will explore the hypothesis that glucocorticoid exposure could explain the association between metabolic dysfunction and tendinopathy ( Fig. 1 ).
Glucocorticoid receptors
Glucocorticoids mainly act via the cytoplasmic glucocorticoid receptor (22) . Upon activation by glucocorticoid the glucocorticoid receptor undergoes a conformational change. This change triggers nuclear translocation. Inside the nucleus, the glucocorticoid receptor interacts with the DNA and other proteins to control gene expression and transcription (22) . Glucocorticoids can activate or repress up to 20% of the human genome via this pathway.
Cushing's syndrome patients have increased tendon rupture risk
Cushing's syndrome is a clinical condition resulting from chronic glucocorticoid excess (23) . In addition to a multitude of clinical manifestations, sufferers of Cushing's syndrome are predisposed to Achilles tendon rupture (24) . It is noteworthy that many of the clinical manifestations of Cushing's syndrome (15) overlap with the metabolic features that have been associated with tendinopathy (e.g. increased abdominal fat accumulation, dyslipidemia, and insulin resistance - Table 1) .
Individuals with Cushing's syndrome have a 2-5 fold increase in visceral fat as well as wasting of peripheral subcutaneous depots (20, 23) . This results in the characteristic body shape that is associated with Cushing's syndrome (23) . Further evidence of a mechanistic link between glucocorticoid excess and visceral adiposity is the normalisation of fat distribution following successful treatment of Cushing's syndrome (20) .
Exogenous oral glucocorticoids and their effects on tendon
Numerous published case studies and pharmacovigilance databases report tendon ruptures in association with corticosteroid use (25) . A recent case-control database study of 8000 cases and 33,000 controls found that oral but not inhaled corticosteroids increase risk of Achilles and biceps tendon rupture (26) . The adjusted odds ratio for tendon rupture with current corticosteroid use was 2.07 (95% CI 1.79 to 2.38) with even higher risk seen within first month of initiating therapy where the odds ratio was 3.82 (95% CI 1.94 to 7.53). Furthermore, there was a dose-response effect of increasing risk when comparing those on less than 5 mg prednisolone, those on 5-10 mg prednisolone, and those on greater than 10 mg prednisolone. Finally, there was a steady decline in risk upon cessation of therapy (26) . 
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AT patients showed evidence of dyslipidaemia; higher TGs (P = 0.039), lower HDL-C (P = 0.016) and higher TG/ HDL-C ratio (P = 0.036) and elevated apolipoprotein B (P = 0.017) Tilley et al. (7) Serum cholesterol and statin use In animal models, systemic exposure to glucocorticoids alters tendon mechanical properties, collagen crosslinking, and collagen fiber size distribution. Taguchi and colleagues administered daily subcutaneous prednisolone injections to rats for 8 weeks. Maximum tensile strength was decreased by 15%, collagen content was decreased by 5%, immature collagen cross-links were decreased by 35%, and mature collagen cross-links were decreased by 30% (27) . Mean collagen fiber diameter was reduced by 15% and fiber size distribution was shifted such that larger fibers were rarer (27) .
There is much debate regarding the mechanism through which glucocorticoid exposure weakens or damages tendon. In vitro studies show that across a range of doses, dexamethasone decreases cell viability, decreases cell proliferation, decreases collagen formation, and increases reactive oxygen species formation (28).
When exposed to glucocorticoid, cultured tenocytes tend to lose characteristic features and genetic markers typical of healthy tenocytes (29) . Stimulation with dexamethasone showed a dose-dependent reduction in tenocyte phenotype with reduced expression of the scleraxis gene, decreased cell turnover, and decreased expression of the collagen 1, 3 and 14 genes. There results were paralleled in a recent study that further showed these effects could be prevented by co-treatment with vitamin D (30).
Exogenous injected glucocorticoids and their effects on tendon
Cortisone is a synthetic glucocorticoid that was first injected into a patient in 1948 for the treatment of rheumatoid arthritis with very good effect (22) .
Figure 1
Flowchart illustrating the connections through which glucocorticoid levels might increase tendinopathy risk.
Since that time, cortisone has frequently been used to treat painful musculoskeletal diseases including inflammatory arthritis, osteoarthritis, degenerative spinal disease, tenosynovitis and tendinopathy. So much so that, in 2014, over half a million articular glucocorticoid or corticosteroid injections (CSI) were administered within the UK primary care system (31) . Earlier generations of clinicians were taught that 'tendinitis' was primarily an inflammatory condition (32) , whereas contemporary research has shifted toward a 'degenerative' disease model with the key features of collagen separation, thinning, and disruption without an inflammatory cell infiltrate (33) . This dichotomy between primary inflammatory versus primary degenerative is likely an oversimplification with both aspects playing a role (34, 35) .
Despite the degenerative model of pathology being widely accepted, the use of glucocorticoid injections for their anti-inflammatory effects continues. One histological and immuno-histochemical study (36) compared supraspinatus tendon tissue between subjects receiving surgical rotator cuff repair with those receiving local ultrasound-guided glucocorticoid injection to the shoulder (40 mg of depomedrone and 4 ml of 2% lignocaine into the sub-acromial bursa). Interestingly, both surgical and injection groups showed no significant change in the Oxford Shoulder Scale at 7 weeks compared to baseline. In contrast, biopsies revealed vascularity, angiogenesis and nerve growth, which are important in the healing process, only in the surgical repair group. The injection group demonstrated increased glutamate receptor (NMDAR1) expression, which raised concern about the potential for excitotoxic tendon damage.
Another study investigating the treatment of lateral elbow tendinopathy (tennis elbow) compared CSI, physiotherapy and a 'wait and see' approach. Physiotherapy treatment comprising elbow manipulation and exercise displayed a superior effect to both 'wait and see' and CSI at 6 weeks (37) . The benefits of corticosteroid injection often reverse after 6 weeks, with high recurrence rates, implying that this treatment should be used with caution in the management of tennis elbow. In this study, one of two medical practitioners treated participants assigned to the CSI group with a local injection to the painful point at the lateral elbow, consisting of 1 mL of 1% lidocaine with 10 mg of triamcinolone acetonide. In both of the cited experiments (36, 37) the delivered dose of steroid was within the suggested therapeutic range documented in international guidelines (38) . For some time there has been evidence that CSI for tendon are effective only in the short term, this evidence extends to tendinopathy in many locations other than the elbow (33, 39) . Systematic reviews of the literature regarding glucocorticoid treatment for tendinopathy have revealed both negative clinical effects (39) and negative effects on tendon cells. These effects include reduced cell proliferation, viability and collagen synthesis, while in vivo studies show collagen disorganization and necrosis (31) . It has long been established that cortisone injections can predispose tendons to weakening (40, 41) , it is also well established that both intra-and peri-tendinous corticosteroid injection can precipitate tendon rupture through inhibition of tenocyte proliferation and the reduction in the strength of isolated collagen fascicles (42, 43, 44, 45) .
Visceral adiposity
Glucocorticoid excess preferentially increases visceral fat accumulation (20) . Although glucocorticoid exposure causes body-wide insulin resistance, the effect is tissue dependent and adipose tissue insulin sensitivity actually increases, which contributes to adipocyte differentiation and lipid accumulation (20) . Similarly, glucocorticoid exposure preferentially increases lipoprotein lipase activity in visceral adipose tissue, which increases uptake of triglycerides and fatty acids into adipocytes leading to increased visceral adiposity (20) . Furthermore, glucocorticoid receptor alpha is more highly expressed in adipose tissue and may be another mechanism linking glucocorticoid exposure to visceral adiposity (20) .
Visceral fat accumulation is associated with tendinopathy (1, 9) . A meta-analysis of 20,000 individuals with and without tendinopathy found that elevated adiposity was frequently associated with tendinopathy (1). This association was seen across studies that used BMI as well as those that used waist circumference and waist to hip ratios. While BMI reflects total adipose tissue, waist circumference and waist-to-hip ratio assess adipose tissue distribution (46) . These later measures are good proxies for visceral fat accumulation and are important clinical markers of cardiovascular disease risk (46) . The association with visceral fat was seen for both lower limb weight bearing tendons as well as non-weight bearing tendons. Therefore, the association cannot be explained solely by increased mechanical loading. Visceral fat secretes proinflammatory cytokines including TNF-alpha, IL-6 and IL-1beta (47) , and these cytokines have been implicated in the pathophysiology of tendon pathology and rupture (35) suggesting that these particular metabolic factors released by or associated with visceral adiposity (47) increase an individual's susceptibility to tendinopathy. Given that glucocorticoid exposure increases visceral fat deposition (20) there appears to be a link between this exposure and tendinopathy.
Dyslipidemia
Glucocorticoid excess induces dyslipidemia (15) . As well as causing dyslipidemia via increased visceral adiposity (20, 23) , cortisol also affects lipid processing pathways in the liver (48) . These include enhanced lipolysis, altered free fatty acid processing, and hepatic fat accumulation (48) .
Dyslipidemia is associated with tendinopathy (5, 7). An early study compared serum lipid profile between 60 patients with chronic, painful mid portion Achilles tendinopathy to 60 sex, age and BMI matched controls (5) . The participants with Achilles tendinopathy displayed evidence of dyslipidemia namely, elevated triglyceride levels, lower percentage HDL-C, and higher TG/HDL-C ratio. This study added to existing knowledge that lipid deposition preferentially affects aging tendon (49, 50) , and cholesterol levels are high in patients who rupture their Achilles tendon (51) . More recently we have discovered that lipid profile is associated with risk of developing rotator cuff injury (52) as well as surgical outcomes (53) .
A systematic review and meta-analysis of 17 studies indicated that there was significantly higher total cholesterol, low-density lipoprotein cholesterol and triglyceride and lower high-density lipoprotein cholesterol in individuals with tendon pain/abnormality (7) . The review also identified a significant positive correlation between tendon thickness and cholesterol among healthy individuals, in two of the three studies that reported these data. In individuals with familial hypercholesterolemia, there is a strong correlation between cholesterol year score and Achilles tendon thickness (54, 55) .
Lipid abnormalities adversely affect the mechanical properties of tendon (56) . Cholesterol accumulates within tendon tissue where it disrupts the architecture of the collagen matrix (57) . There is evidence that cholesterol accumulation in the tendon is predominantly in the form of cholesterol esters (58) , which is a biologically inert form (59) . This may be a strategy to reduce the cytotoxic effect of cholesterol overload within tendon (60) . A recent study of Achilles tendon biopsies showed unique patterns of apolipoprotein A1 in those from tendinopathy sufferers (61) . Apolipoprotein A1 is the main protein in the high-density lipoprotein cholesterol complex, which is essential for reverse cholesterol transport (62) . As such, this study hypothesized that dysfunction of reverse cholesterol transport may contribute to cholesterol overload in tendon.
Elevated cholesterol levels are commonly managed with statin medication. Interestingly, there appears to be a link between use of these drugs with tendinopathy and tendon rupture (8) . It has also been pointed out that those who are prescribed statins have been exposed to high cholesterol levels for a number of years, and this preceding exposure could partly explain the link with the statin medication (5) .
In summary, dyslipidemia is a feature of both glucocorticoid excess and tendinopathy. There are plausible molecular mechanisms whereby cholesterol excess can directly have a negative effect of tendon.
Insulin resistance and type 2 diabetes
Insulin resistance, the primary metabolic defect underpinning type 2 diabetes, is induced by chronic glucocorticoid excess (15, 20) . This effect is driven by increased glucose production in the liver and reduce glucose uptake in skeletal muscle and adipose tissue (63) . Glucocorticoid excess increases abdominal fat accumulation, which releases various cytokines. In particular, IL-1beta, IL-6 and TNF-alpha are implicated in driving insulin resistance (64) . These cytokines have also been implicated in tendon disease (65) demonstrating the ability of these cytokines to cause both systemic and tendon disease.
Glucocorticoid excess affects all major peripheral tissues involved in glucose regulation (20, 66) . Furthermore, significant overlap exists between these pathways and those leading to visceral adiposity and dyslipidemia. This is illustrated by both mechanistic studies (66) and the high rate of uncontrolled type 2 diabetes among individuals with Cushing's syndrome (23) .
Insulin resistance and type 2 diabetes are associated with tendinopathy and tendon rupture (5, 6, 67, 68) . A systematic review and meta-analysis of 31 studies identified an association between diabetes and tendinopathy. Tendinopathy was more common in individuals with diabetes and vice versa, and diabetes sufferers with tendinopathy have a longer duration of diabetes than those with diabetes but not tendinopathy (6) . Furthermore, a recent population-based study of more than 58,000 individuals with diabetes and T Lewis et al.
Glucocorticoid exposure and tendinopathy R42 9:3 117,000 controls observed a hazard ratio of 1.56 (95% CI 1.25 to 1.93) for rotator cuff surgery following adjustment for other risk factors (69) . Worse treatment outcomes are found among people with diabetes following treatment of trigger finger (70) , and a range of other tendon injuries (71) . Recently it was shown that the metabolic syndrome affects treatment outcomes for lateral elbow tendinopathy (72) .
One mechanism linking diabetes and tendinopathy may be increased tendon stiffness associated with collagen cross linking (73) . The generation of cross links is rapidly accelerated in the presence of high glucose levels such as is seen in insulin resistance and type 2 diabetes (74) . The mechanical properties of Achilles tendons obtained following amputations for non-healing diabetic ulcers were compared with Achilles tendons obtained following amputations for non-diabetes related causes (e.g. trauma, malignancy) (75) . The non-diabetic tendons had superior mechanical properties including Young's modulus (elasticity), stiffness, and maximum load (75) . Similar findings were seen in the patellar tendons of dogs following long-term insulin therapy for diabetes (76) . There is also evidence that high glucose levels may affect tendon structure through changes in proteoglycan (77) and metalloproteinase levels (78) .
As well as the indirect connection of glucocorticoid excess to tendinopathy via diabetes, there are also direct effects. Glucocorticoid exposure may interact with various facets of diabetes to amplify tendon damage. For example, in rats, expression of the receptor for advanced glycation end products (RAGE) on mast cells is enhanced by glucocorticoid exposure (79) . There may be interactions between the higher levels of AGE in diabetes (74) , higher RAGE expression on mast cells, and higher mast cell expression in tendinopathy (80) .
Another avenue of interest is the effect that glucocorticoids have on glutamate receptors. Glutamate activates the ionotropic receptor N-methyl-D-aspartate (NMDA). Glutamate levels are elevated in chronic tendinopathy (81) and NMDA receptors are seen on abnormal nerve fibres, tenocytes, and blood vessels in tendinopathy (82) . Furthermore, stimulation of glutamate receptors with both glutamate and NMDAR (separately) in tendon derived cells reduced the expression of scleraxis (83) , which is an important transcription factor and marker of tendon-like cells. Acute stress and glucocorticoid exposure cause transient glutamate release in a range of brain regions in animal studies (84) , and also increases membrane expression of NMDA receptors. Other studies indicate that glucocorticoid exposure potentiates neuroexcitotoxic effects related to overstimulation of NMDA receptors (85) . Rotator cuff tendon biopsies taken before and 7 weeks after glucocorticoid injection show a large increase in the proportion of cells positive for NMDA receptor subtype 1 staining that was not seen over the same period in response tendon repair surgery (36) . These findings are supported by a recent study showing that 24-week NMDA receptor antagonist administration partly reversed the adverse effects of long-term glucocorticoid treatment on the CA3 region of the hippocampus (86) . Together these studies indicate that glutamate and NMDA receptors are involved in tendinopathy and that glucocorticoid exposure both induces glutamate release and enhances stimulation of NMDA receptors leading to neuroexcitotoxic effects.
In summary, the bulk of the evidence linking glucocorticoid excess and tendinopathy is via an indirect pathway. That is, glucocorticoid excess promotes insulin resistance and type 2 diabetes, which then adversely affect tendon. There is also some preliminary evidence that glucocorticoid may directly affect tendon via RAGE expression on mast cells or via NMDA receptors on tenocytes.
Does improving an individual's metabolic state reduce their tendinopathy risk?
No studies have directly examined whether improving an individual's metabolic state reduces the risk of tendinopathy or aids recovery from tendon injury. However, authors have concluded that this makes sense from first principles (6, 71) . A recent systematic review looked at the effect of female sex hormone supplementation on tendon molecular, mechanical, and morphological traits (87) . It was found that the evidence was contradictory, and the studies were generally of low quality. We anticipate the soon to be released results of a randomized controlled trial of hormonal therapy, exercise, or both, among post-menopausal women with greater trochanteric pain syndrome (88) .
There is undoubtedly a reduction in musculoskeletal pain following bariatric surgery induced weight loss (89) . Without further research the relative contributions of reduced mechanical loading, improved metabolic state, improved mood, increased physical activity, and reduced pain sensitization to this effect is unclear (90) . 
Conclusion
A wealth of recent literature confirms the link that tendinopathy has with visceral adiposity, dyslipidemia, insulin resistance and diabetes (Table 1 ). There are a number of plausible pathways through which glucocorticoids might provide a connection between metabolic health and tendinopathy (Fig. 1) . These same physiological states are intimately related to glucocorticoid excess, as most vividly demonstrated in Cushing's syndrome. The harmful effects that exogenous corticosteroids produce in tendons on a structural and immunohistological level are well documented. The confluence of factors is marked, and the co-occurrence of multiple tendon injuries in large datasets strongly suggests shared risk factors (e.g. genetic or metabolic) (91) . There is a growing body of research into the effects of endogenous hormones on tendons.
Many people live a stressful life, which is connected with elevated cortisol levels (92) . Whilst there is an established evidence base for the link between metabolic disorders and tendon problems in patients with Cushing's syndrome, there are no data on cortisol levels in tendinopathy. This is potentially an avenue for further research.
Cortisol levels can be reliably measured using saliva samples (93) . This method of measuring physiological levels of this hormone could be utilized to measure cortisol levels in tendinopathy patients and comparing these levels with age-matched controls to assess whether this hormone is another factor or indeed a central, connecting factor in the growing evidence base regarding the causation of tendinopathy.
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